A problem related to deployment of femtocells is how to manage access of users to radio resources. On one hand, all resources of the femtocell can be reserved for users belonging to a closed subscriber group (CSG), which is a set of users defined by a femtocell subscriber. This approach, known as closed access, however, increases interference to users not included in the CSG as those users do not have a permission to access this femtocell. Contrary, resources can be shared by all users with no priority in an open access mode. In this case, the femtocell subscriber shares radio as well as backhaul resources with all other users. Thus, throughput and quality of service of the subscriber and the CSG users can be deteriorated. To satisfy both the CSG as well as non-CSG users, a hybrid access is seen as a compromise. In this paper, we propose a new approach for sharing radio resources among all users. As in common cases, the CSG users have a priority for usage of a part of resources while rest of the resources is shared by all users proportionally to their requirements. As the simulation results show, the proposed resource sharing scheme significantly improves throughput of the CSG users and their satisfaction with granted bitrates. At the same time, throughput and satisfaction of the non-CSG users is still guaranteed roughly at the same level as if conventional sharing schemes are applied.
Introduction
One of suitable approaches how to fulfil user's requirements on throughput in future mobile networks is to deploy large amount of small cells. As the ratio of data traffic generated from indoor continuously rises, small cells should be deployed especially inside buildings to provide adequate signal quality. For this purpose, conventional base stations can be replaced by low cost alternative, known as femtocells. The femtocells, in 3GPP denoted as Home eNode B (HeNBs), are deployed to improve signal quality in buildings or to offload a macrocell Base Station (eNB) [1] . The HeNBs are located mostly in user's premises or in offices to overcome limited signal quality from the eNB due to attenuation by walls. The HeNBs are characterized by low transmitting power and low cost. Furthermore, the HeNBs are typicaly connected to the operator's core network through a user's internet connection represented by a wired link (e.g., xDSL, cable, optical fibre, etc.).
The HeNBs can provide three different types of accesses: open, closed, and hybrid [1] . In case of the open access, the HeNB gives no preferences to any user equipment (UE) and all UEs under its coverage are threat equally. Thus, this type of access enables to offload the eNB [2] . This access is assumed to be used especially in public areas such as malls, stadiums, etc. Contrary, the closed access is designed for home UEs who want to increase coverage and throughput inside their houses but who do not want to share their network connection with other UEs. The closed access HeNB admits only UEs included in so-called Closed Subscriber Group (CSG) list [3] . The CSG list, introduced in LTE release 8 [4] , is defined by owner/subscriber of the HeNB. The number of UEs registered in the CSG list is limited to a low number of UEs, typically, the HeNB intended for home usage can support 3-5 UEs and enterprise HeNB is designed for 8-16 UEs [5] ). In LTE release 9 [6] , information whether the HeNB is in closed access mode is provided by means of broadcasted CSG Indicator (CSG ID). It is a single-bit flag indicating if the cell is admitting also the UEs not belonging to the CSG [7] . Usage of the CSG list as a way to allow UEs to exploit resources of the HeNB is specified in [8] . As presented in [4] , the open access HeNB provides a higher mean throughput experienced by the UEs when compared to the closed one for low densities of the UEs. However, the closed access is preferred for high density of the UEs attached to eNB [9] . In case of the closed access, the HeNB can introduce interference to the UEs ) served by the eNB and not registered in the CSG (non-CSG users [10] . At the same time, the non-CSG UEs can take advantage of the open access HeNB since it can increase their throughput, especially at cell edges. On the other hand, the CSG UEs located indoor prefer to maximize their own throughput by restricting access for the non-CSG UEs to the radio and backhaul resources. Therefore, a compromise between both access modes, denoted as the hybrid access, is seen as a promising way how to ensure satisfaction of all UEs by offloading the eNB and providing high quality connection for the non-CSG UEs [11] .
An important challenge consists in sharing of radio resources among the CSG and non-CSG UEs. Currently, 3GPP does not define how to divide resources between both types of UEs. In general, two types of sharing can be distinguished: static [12] [13] [14] and dynamic [15] [16] [17] . The static sharing can be seen as less efficient but it is easy to implement and less demanding in terms of management. Contrary, the dynamic approach requires more complex algorithm to allocate radio resources and it also implies additional overhead to exchange required information among involved networks entities.
The simplest option of the static sharing is to assign a fix amount of resource blocks (RBs) to the CSG UEs and leave the rest of RBs available to all UEs [12] . However, in this case, a part of radio resources can stay unused if the CSG UEs require only low bit rates. Analogically, the permanent amount of radio resources can be allocated for the non-CSG UEs and available resources, not used by the non-CSG UEs, can be shared by the CSG UEs. A drawback of this appraoch consits in reduced satisfaction of the CSG UEs.
The contribution of this paper consists in design of a new algorithm for radio resource sharing in hybrid access HeNBs. The algorithm is based on prioritization of the access to individual fragments of the radio resources. A part of resources is dedicated to the CSG UEs. However, all unused blocks reserved for the CSG users can be reused by the non-CSG users originally prohibited from exploitation of these resources. The resources not reserved for the CSG users are then shared by both groups, i.e., CSG and non-CSG UEs, in a proportionally fair manner.
The rest of this paper is organized as follows. The next section gives an overview on related work in the area of resource sharing in hybrid access HeNBs. Then, Section 3 describes common appraoches for the radio resource allocation and the proposed algorithm. Section 4 defines simulation models and scenarios. The results of performance evaluation are presented in Section 5. The last section summarizes major conclusions and outlines future research directions.
Related Work
In this chapter, we provide overview of the available research papers focusing on the problem of sharing radio resources among the CSG and non-CSG UEs in the hybrid access HeNBs.
The simplest way of the hybrid access management is to classify resources to those available only to the CSG users (reserved resources, n res ) and the rest of resources is then available for the non-CSG users (non-reserved resources). Ratio of the reserved resources to all available resources is flexible and can be set depending on the operator's and user's preferences. If n res resources are restricted for usage by the CSG-users only, then amount of resources available for the non-CSG users is equal to (1-n res ). This basic approach is described in [12] . In our paper, this approach is later denoted as Restricted Allocation for CSG users (RAC). In this algorithm, (1-n res ) resources are reserved for the non-CSG UEs while n res resources are uniformly divided between the CSG UEs. This approach guarantees that the CSG-users do not perceive variation of their Quality of Service (QoS) due to incoming connections of the non-CSG users. However, the spectral efficiency is impaired as the reserved resources might remain unused most of the time if either CSG or non-CSG UEs are not served by the HeNB.
The spectral efficiency problem can be relaxed by an enhancement of the basic approach by partial sharing of unused resources as presented in [12] and in [13] . Like in case of the RAC, fixed ratio of radio resources is always available for the CSG UEs. The non-CSG UEs cannot access these resources even if those are not utilized by the CSG UEs. The number of available resources for the non-CSG UEs has to be selected and balanced by the operator depending on the offered type of service. Contrary to the RAC, the resources not occupied by the non-CSG users can be consumed by the CSG UEs. In our paper, this algorithm is labelled as Permanent Allocation for Non-CSG users (PAN).
Open, closed and hybrid (shared) accesses in the downlink are compared in [14] . In this paper, the hybrid access with sharing resources between the CSG and non-CSG UEs is proposed. The authors target satisfaction of the UEs with offered QoS and maximization of the network throughput. As the results show, total throughput of the network increases due to the fact that the CSG UEs experience higher SINR than the non-CSG UEs. On the other hand, QoS of the non-CSG UEs is lowered.
Apart from the static methods for the resource sharing, also several dynamic methods are described in literature. In [15] and [16] , the authors consider QoS of UEs for decision on handover to the hybrid access HeNBs if it implies higher capacity for the UE. A part of resources is reserved for the CSG UEs, while another part of resources is kept for the incoming non-CSG UEs. The non-CSG UEs can utilize the HeNB's resources if SINR from the HeNB is higher than SINR received from the eNB and if there are enough resources available for the incoming non-CSG. Resources for the CSG and non-CSG UEs are divided equally between UEs in each group. The results show that the use of hybrid access lowers the number of failed handovers and alleviate the interference problems. Nevertheless, the authors do not investigate an impact of the resource reservation on the CSG and non-CGS UEs.
In [16] , the authors propose to use a principle of refunding between the eNB and the HeNBs to offload traffic from the eNB to the HeNBs. In this algorithm, the throughput of the non-CSG UEs increases as the HeNB accepts the non-CSG UEs because the HeNB is being refunded for this by the eNB. The refunding is done by releasing RBs of the eNB and leaving them for usage by the HeNB to satisfy non-CSG UEs. Similar principle is used in [17] , where contract theory is used to optimize spectrum allocation between the eNB and the HeNBs. Decision on how much spectrum the HeNB receives depends on the number of resources available for the non-CSG UEs. The algorithm for sharing resources of the HeNBs is not related to resource allocation but it rather targets interference mitigation.
Proposed sharing of resources in hybrid access femtocells
In this section, we describe fundamentals of a common division of the HeNB's resources among the CSG and non-CSG UEs. Furthermore, the proposed scheme for radio resource sharing is described as well.
In general, a part of capacity of the HeNB is reserved for the CSG UEs while rest of the resources is divided among the non-CSG UEs. As shown in Fig. 1 , the ratio of radio resources assigned to the CSG users (n res ) can vary from n res = 0 (open access) to n res = 1 (closed access). Everything in between those to extreme cases (i.e., n res (0,1)) corresponds to the hybrid access. Contrary to the existing schemes, the proposed algorithm enables to share all available resources by all UEs with different priorities. Thus, this approach is denoted as Sharing Available Resources (SAR). In the proposed scheme (depicted in Fig. 2) , non-reserved resources are available to the non-CSG UEs up to the amount of resources not currently used by the CSG UEs. Consequently, if the CSG UEs require less resources than n res , the rest can be shared by the non-CSG users. For example, if no CSG UE is connected to the HeNB (and thus no resources are required by the CSG UEs), all resources of the HeNB are accessible by the non-CSG UEs. In the same way, if only the CSG UEs are attached to the HeNB, those UEs can share all resources including resources dedicated to the non-CSG UEs. If both CSG as well as non-CSG UEs are served by the HeNB, the reserved resources (n res ) are allocated exclusively to the CSG UEs in the first step. If the amount of reserved resources is sufficient for the CSG UEs, all unused resources (including reserved resources not occupied by the CSG UEs) are then proportionally allocated to the non-CSG UEs. If sum of the required resources of all UEs exceeds capacity of the HeNB (n HeNB ), the n res resources are allocated to the CSG UEs. Then, rest of the resources (i.e., 1-n res ) is shared by all UEs (i.e., both CSG and non-CSG) with equal priority related to the requirements of individual users. Let's assume the system contains k CSG UEs and l non-CSG UEs. Then, the amount of resources allocated to the i-th UE ( The maximum amount of resources that can be allocated to the CSG UE in the reserved part is proportional to the required amount of resources by the i-th UE with respect to the requirements of all k CSG UEs:
The second part of resources is assigned to the CSG UEs from the non-reserved part. This part is distributed over all k+l UEs proportionally to their requirements respecting the fact that the CSG UEs are already partly or fully served in frame of the reserved resources n res . Therefore, the CSG UEs already satisfied with the grant given in reserved resources are not competing for the shared resources. Consequently, the resources are assigned proportionally to the requirements of all l non-CSG UEs and rest of the requirements of k CSG UEs after allocation of resources in reserved part: 
For the non-CSG UEs, no resources are allocated in the reserved part n res . Therefore, the overall amount of resources assigned to the i-th non-CSG UE is given by lower value out of requirements of the i-th non-CSG UE ( 
Simulation models and scenario
In this section, models and scenarios for performance evaluation are defined. The evaluation is carried out by means of simulations in MATLAB. Major parameters of the simulation (see Table 1 ) are in line with recommendations for networks with small cells as defined by Small Cell Forum [18] . Parameters of the physical layer and frame structure are based on LTE-A mobile networks according to release 11 [21] .
For the simulation purposes we define two scenarios with different numbers of indoor and outdoor users. In the Scenario 1, the number of both indoor and outdoor users is set to 64. In the Scenario 2, the number of indoor users is 192 while only 50 outdoor users are connected to the HeNBs. Path loss models, defined by the Small Cell Forum [18] , are used for modelling of the signal propagation. Depending on the UE's location and its serving cell (eNB or HeNB), one of the models presented in Table 2 is considered. Each path loss model is described by several parameters where R denotes distance between the UE and the cell (eNB or HeNB), q is the number of the walls separating the UE and its serving cell, and d 2d,indoor is the distance between the UE and external wall. Two-dimensional correlated shadowing model with temporal time correlation [19] is used as well. Based on the path loss, throughput of the UE is derived using a mapping function for SINR and MCS as defined in [21] . Data traffic is modelled as a Constant Bit Rate (CBR) where all UEs request a specific constant throughput.
All UEs are moving within an area composed of two-stripes of buildings defined in [18] (see Fig. 3 ). The outdoor UEs are randomly deployed at the beginning of the simulation and then they move along the streets according to Manhattan Mobility model with speed of 1 m/s. Inside the buildings, the HeNBs are randomly dropped to the apartments with equal distribution in a way that 20% and 60% of apartments are equipped with a HeNB for the Scenario 1 and the Scenario 2, respectively. In every apartment with HeNB, one indoor UE is placed. Therefore, there are 64 and 192 indoor UEs in the area for the Scenario 1 and Scenario 2, respectively. Movement of the indoor UEs is modeled according to [22] where the UEs move within an apartment at discrete positions, as is shown in Fig. 4 . The UEs stays for a given time at the positions of stay marked by blue dots in Fig. 4 . Time spent by the indoor UE in each spot is given by distributions and their parameters as defined in Table 3 [23] . Movement among the points of stay is through temporal positions (red dots). Table 3 . Distribution of time of stay in specific rooms for indoor movement [23] .
Room Distribution and its parameters Room I, room II, and living-room Normal, µ=1800, σ =150 Kitchen Normal, µ=1200, σ =150 Bathroom Normal, µ=300, σ =22 Corridor Normal, µ=80, σ =22
Performance evaluation
This section presents results of the simulations and provides comparison of the proposed algorithm with competitive RAC [12] and PAN [13] algorithms. The number of reserved resources n res is normalised to values between 0 and 1, where 0 and 1 represent 0 and 110 RBs. The value of 110 PBs corresponds to 20 MHz channel bandwidth according to 3GPP.
In the first step, we compare mean throughput achieved by the CSG and non-CSG UEs depending on the amount of resource block reserved for CSG UEs (n res ). Comparisons are depicted in Fig. 5a and Fig. 5b for the simulation Scenario 1 and Scenario 2, respectively. More resource blocks reserved for the CSG UEs lead to a higher throughput of those UEs as less resources are available for the non-CSG UEs. Only exception is the situation with n res =0. In this case, all algorithms reach the same throughput as the system operates in the open access mode where no non-CSG UEs are present (all UEs are understood as the UEs with access to all HeNBs). Consequently, all algorithms divide RBs in the same way and reach the same performance, which is represented by stand-alone markers on the y-axis (roughly 22 and 25 Mbit/s in Fig. 5a and Fig. 5b, respectively) . Further, we can observe that our proposed algorithm SAR outperforms both competitive algorithms in terms of throughput of the CSG UEs. The gain is up to 10.8 and 33.7 Mbit/s (i.e., 41.8 and 1146%) comparing to the PAN and RAC algorithms, respectively, for the Scenario 1. For the Scenario 2, the gain is up to 8.2 and 25.3 Mbit/s (i.e., 39.6 and 696%) comparing to the PAN and RAC algorithms, respectively. In Fig. 6 , mean throughput of the non-CSG UEs is depicted. Contrary to the throughput of CSG UEs, the throughput of non-CSG UEs decreases with increase in the number of reserved RBs. The figure shows roughly the same performance of the SAR and PAN algorithms. In the Scenario 1, the proposed algorithm shows only minor drop comparing to PAN algorithm (up to 1.2 Mbit/s, i.e., 6%). This decrease in throughput of the non-CSG UEs is negligible with respect to the gain reached by the CSG UEs, which is 40% (as presented in Fig. 5a ). Analogical results can be observed also for the Scenario 2. Note that for the open access (n res =0), the CSG UEs experience nearly two times higher throughput than the non-CSG UEs (22 vs. 12 Mbit/s and 26 vs. 14.5 Mbit/s for the Scenario 1 and the Scenario 2, respectively) due to their proximity to the HeNBs. In addition to the mean throughput, also cumulative density functions of the throughput of CSG UEs for both scenarios are presented in Fig. 7 . Both figures confirm the conclusions derived from the previous figures focusing on mean throughput. Again, the SAR outperforms both competitive algorithms in terms of throughput for the CSG UEs. Cumulative density function of the experienced throughput of the non-CSG UEs (Fig.  8) shows that the SAR algorithm grant users with similar thoughput as the PANfor both scenarios. The RAC algorithm provides significantly lower throughput than both SAR and PAN algorithms. The overall throughput of all UEs for the Scenario 1 and the Scenario 2 is shown in Fig.  9 . For the RAC algorithm, the more RBs are reserved for the CSG UEs, the lower overall throughput is observed. This is due to the fact that the non-CSG UEs cannot access resources reserved for the CSG UEs. Therefore, resources not consumed by the CSG UEs stay unutilized. Overall throughput reached by both SAR and PAN algorithms is changing only slightly over n res . The PAN is able to negligibly outperform the proposed SAR algorithm for high n res . The gain introduced by the PAN over the SAR is less than 0.04 Gbit/s (i.e., 1.8%) for the Scenario 1 and 0.02 Gbit/s (2.5%) for the Scenario 2. Higher overall throughput for the PAN is due to allocation of majority of resources to the CSG UEs as these UEs usually experience higher channel quality. Nevertheless, this can lead to unbalanced distribution of resources to the user and to the lower satisfaction of users with bitrate as shown later in this paper. Contrary, the SAR allocates non-reserved resources proportionally to both CSG UEs and non-CSG UEs. In addition to the throughput, we investigate also satisfaction of the UEs with achieved throughput. For this purpose, we define satisfied UEs as the UEs allocated with amount of resources, which enables to reach required bit rate (i.e., i req i alloc n n ≥ for both CSG as well as non-CSG users). In other words, the UE is satisfied if her/his required bit rate is lower or equal to the bit rate offered her/him by the network. The ratio of satisfied CSG and non-CAG UEs is depicted in Fig. 10 and Fig. 11 , respectively. As can be seen in Fig. 10 , the ratio of satisfied CSG UEs decreases with higher requirements of UEs and, at the same time, it increases with amount of reserved blocks. The proposed algorithm is able to significantly improve satisfaction for both scenarios and over whole range of UE's demands on throughput. The gain is higher with lower number of reserved blocks. The gain in satisfaction ratio reached by our proposal with respect to the PAN algorithm is up to 38.2% and 30.6% if 20 and 80 RBs are reserved for the CSG UEs in the Scenario 1. For the Scenario 2, the proposed SAR improves satisfaction by 34.4% and 10.1% for 20 and 80
reserved RBs, respectively. The RAC is unable to handle higher requirements of UEs and users' satisfaction is decreasing rapidly with increasing requirements. For the non-CSG UEs (Fig. 11) , the proposed SAR algorithm reaches roughly the same satisfaction as the PAN and both outperforms the RAC algorithm. 
Conclusion
This paper introduces a new approach for sharing resources among the CSG and non-CSG UEs in hybrid access femtocells. If only one type of UEs (either CSG or non-CSG) is connected to the HeNB, all resources are shared by the UEs. In case when both CSG as well as non-CSG UEs are attached, the proposed algorithm distributes radio resources among both in the way that a part of resources is shared only by the CSG UEs. Rest of the resources is then assigned proportionally to the non-CSG and CSG UEs depending on their requirements. The proposed scheme is compared with two competitive algorithms to show impact on the mean throughput of the UEs and UE's satisfaction with granted throughput. The results show significant improvement in throughput of the CSG UEs with a gain in throughput up to 41.8 and 1146% comparing to the competitive PAN and RAC algorithms, respectively. At the same time, the negative impact of the SAR algorithm on the throughput of the non-CSG UEs is negligible (less than 6% degradation). In addition, the proposed algorithm allocates resources in the way that ratio of the CSG UEs satisfied with offered bit rate is increased for up to 38.2% comparing to the PAN algorithm. For the non-CSG UEs, the satisfaction ratio stays roughly at the same level as the most efficient competitive algorithm PAN.
In the future, we intend to enhance the proposed scheme by management of the dynamic setting of parameters to change the amount of RBs reserved for the CSG UEs in time according to the estimated amount of required RBs from both CSG and non-CSG UEs. 
